prophase (leptotene/zygotene). Later in prophase, at the Shuster and Byers, 1989). Mutants that sustain defects end of pachytene or the beginning of diplotene, Red1 in recombination and synapsis, such as zip1, arrest at and Mek1 disassemble from chromosomes and appear pachytene because the pachytene checkpoint is trigto become dephosphorylated. These observations raise gered (reviewed by Roeder, 1997). In the zip1 mutant, the possibility that the dissociation of Mek1 and Red1 from chromosomes and the exit from pachytene are regulated by protein dephosphorylation.
Figure 1. Glc7 Coprecipitates with Red1 and Mek1
Glc7, Red1, and Mek1 were immunoprecipitated from wild-type cell extracts prepared at a time point when most cells are in pachytene/diplotene. Anti-GFP antibodies coprecipitate Red1 (A) and Mek1 (B) from a strain homozygous for Glc7-GFP (JM555) but not from a wild-type strain in which Glc7 is untagged (BR2495). Antibodies to Red1 (C) and Mek1 (D) coimmunoprecipitate Glc7-GFP. Mek1 appears as two bands representing the phosphorylated (upper band) and unphosphorylated (lower band) forms of the protein. Asterisk, IgG. Molecular weight markers are indicated in kilodaltons (kDa) to the right of each panel. type 1, encoded by the GLC7 gene, counteracts Mek1 becomes more discontinuous (indicating that Red1 is dissociating from chromosomes), Glc7 foci are detected kinase activity and is required for exit from the pachytene stage of meiotic prophase. Glc7 interacts with at a subset of the sites where Red1 remains ( Figure 2B ). The average number of Glc7 foci observed per nucleus Red1, colocalizes with Red1 on chromosomes, and dephosphorylates Red1 in vitro, suggesting that the target is 18.5 Ϯ 11.5 (200 nuclei examined); 95% of Glc7 foci colocalize with Red1 on chromosomes. There are usuof Glc7 dephosphorylation is Red1. In certain checkpoint mutants and in mutants that do not initiate meiotic ally at least twice as many Red1 foci as Glc7 foci on each spread nucleus, suggesting either that Glc7 interrecombination, Mek1 is inactive and Red1 does not become phosphorylated. Our data suggest that Red1 beacts with only a subset of Red1 foci or that the association of Glc7 with Red1 foci is asynchronous. In spread comes phosphorylated in response to the initiation of meiotic recombination and does not become dephosnuclei prepared from time points in meiotic prophase when Red1 has completely dissociated from chromophorylated until recombination is completed. We speculate that phosphorylated Red1 serves as a negative regsomes, Glc7 foci are no longer observed (data not shown). ulator of meiotic cell cycle progression.
Localization of Glc7 to chromosomes correlates less well with the dissociation of Mek1 from chromosomes.
Results
At pachytene, there are ‫04ف‬ Mek1 foci per spread nucleus (Bailis and Roeder, 1998) but few or no Glc7 foci Glc7 Interacts with Red1 and Mek1 Two-hybrid protein analysis identified Red1 as a Glc7-(data not shown). As the number of Mek1 foci decreases, indicating that Mek1 is dissociating from chromosomes, interacting protein (Tu et al., 1996) , suggesting Glc7 as a candidate for the Red1 phosphatase. To test interaction Glc7 foci localize to chromosomes; however, only 68% of Glc7 foci on average overlap with Mek1 foci (200 between Glc7 and Mek1 and to confirm the interaction between Glc7 and Red1, coimmunoprecipitation experinuclei examined; data not shown). This represents a partial colocalization between Glc7 and Mek1, since forments were carried out. The GLC7 gene was fused inframe with the gene encoding green fluorescent protein tuitous overlap between Glc7 and Mek1 foci is estimated at Յ10% (Experimental Procedures). At later time points (GFP), and the resulting construct (GLC7-GFP) was integrated into yeast at the GLC7 chromosomal locus. Antiin meiosis, when Glc7 and Red1 have completely dissociated from chromosomes, ‫61ف‬ Mek1 foci remain local-GFP antibodies were used to immunoprecipitate Glc7-GFP and associated proteins from meiotic cell extracts ized to meiotic chromosomes (Bailis and Roeder, 1998; data not shown). Thus, the timing and pattern of Glc7 prepared from a GLC7-GFP strain and from a wild-type strain (in which Glc7 is untagged). Both Red1 and Mek1 localization to meiotic chromosomes suggest that Red1, rather than Mek1, is a target of Glc7. coimmunoprecipitate with Glc7-GFP ( Figures 1A and  1B) . Conversely, Glc7-GFP coprecipitates from meiotic cell extracts with antibodies to either Red1 or Mek1
Glc7-Dependent Dephosphorylation of Red1 Glc7-dependent dephosphorylation of Mek1 and Red1 ( Figures 1C and 1D) .
To test whether Glc7-GFP colocalizes with Red1 and was tested as follows. First, a gel mobility shift assay was used to examine Mek1 and Red1 phosphorylation Mek1 on chromosomes, meiotic chromosomes were surface spread and then stained with antibodies to GFP in the glc7-T152K mutant, which fails to sporulate and encodes a protein defective in interacting with Red1 (Tu and Red1 or GFP and Mek1. At mid-pachytene, when Red1 localization is semicontinuous, little or no Glc7 is et al., 1996). Mek1 and Red1 were immunoprecipitated from meiotic cell extracts prepared from wild-type and detected on chromosomes (Figure 2A) . However, at late pachytene or early diplotene, as the amount of Red1 the glc7-T152K mutant and then analyzed by SDS-PAGE and immunoblotting. In the glc7-T152K mutant, Red1 localized to chromosomes decreases and Red1 staining In other protein kinases, mutation of these conserved in late pachytene or early diplotene with less Red1 associated with chromosomes than at mid-pachytene (Figresidues has generated constitutively active enzymes (Huang and Erikson, 1994; Zheng and Guan, 1994). ure 3B). As in the glc7-T152K mutant, Red1 remains phosphor-A multicopy plasmid bearing MEK1-C was transformed into a wild-type yeast strain, and sporulation ylated in the MEK1-C mutant ( Figure 2C ). If exit from pachytene is blocked in the MEK1-C and glc7-T152K was assayed in the resulting strain (JM232). In contrast to the mek1 null mutant (JM82), which sporulates effimutants because Red1 cannot be dephosphorylated, then introduction of a red1 null allele should suppress ciently (Rockmill and Roeder, 1991; data not shown), little or no sporulation occurs in a MEK1-C strain (Table  the sporulation 
defects of these mutants. Consistent with this explanation, the MEK1-C red1 (JM398) and 1; data not shown). MEK1-C cells progress normally to pachytene, with continuous Zip1 staining and semiconglc7-T152K red1 (JM576) double mutants sporulate efficiently (44% and 46%, respectively). tinuous Red1 staining along chromosomes (data not shown). However, most MEK1-C cells arrest with discontinuous Zip1 staining and less continuous Red1
Gip1 Is Required for Pachytene Exit The meiosis-specific Gip1 protein interacts with Glc7, staining than observed at mid-pachytene ( Figure 3A ; data not shown). Anti-tubulin antibodies detect microand the gip1 mutant fails to sporulate (Tu et al., 1996) . To investigate whether Gip1 is required for exit from tubule "bushes" in spread nuclei prepared from the MEK1-C mutant ( Figure 3A) , characteristic of duplicated pachytene, gip1 cells (JM478) were harvested at late time points in meiosis, and chromosomes were surface but unseparated spindle pole bodies (Cao et al., 1990). These results suggest that MEK1-C arrests in late pachyspread and stained with antibodies to Red1 and tubulin. gip1 cells arrest at late pachytene/early diplotene, with tene or early diplotene.
In vitro kinase assays were carried out to determine chromosome morphology similar to that of the MEK1-C and glc7-T152K mutants (data not shown). Moreover, whether the Mek1-C protein displays kinase activity. Wild-type Mek1 and the catalytically inactive Mek1-though Glc7 begins to localize to chromosomes by late pachytene in wild-type, Glc7 fails to localize to chromo-D290A protein (Bailis and Roeder, 1998) were used as controls. When Mek1 is immunoprecipitated from either somes in the gip1 mutant (data not shown). If the gip1 mutant arrests in late pachytene because Glc7 cannot wild-type or MEK1-C strains and then incubated in vitro with ␥ 32 P-ATP, several proteins that coprecipitate with localize to chromosomes, then overproduction of Glc7 might override the requirement for Gip1. Overproduction Mek1 become phosphorylated, including Red1 (Bailis and Roeder, 1998; Figure 3C ). After 15 hr in sporulation of Glc7 increases sporulation in the gip1 mutant to 43% ( Table 1 ), indicating that excess Glc7 alleviates the remedium, when most cells are in pachytene, the kinase activity of Mek1-C appears similar to that of the wildquirement for Gip1. type Mek1 protein ( Figure 3C ). After 24 hr in sporulation medium, when most MEK1-C cells are arrested (Յ10% Overproduction of Glc7 Bypasses MEK1-C Pachytene Arrest sporulation), the kinase activity of Mek1-C persists (Figure 3C ). In contrast, most wild-type cells have sporuIf the late pachytene/early diplotene arrest of the MEK1-C mutant is due to persistence of Mek1 kinase activity lated by 24 hr, and little or no Mek1 protein is immunoprecipitated from cell extracts (data not shown).
(and continued phosphorylation of Red1), then overproduction of Glc7 might bypass the arrest by inducing The MEK1-C mutant arrests at late pachytene presumably because continuous Mek1 activity cannot be Red1 dephosphorylation. To test this idea, a wild-type strain carrying MEK1-C on a multicopy plasmid was efficiently counteracted. If Glc7-mediated dephosphorylation of Red1 promotes exit from pachytene, then the transformed with a second multicopy plasmid bearing either no insert or the GLC7 gene; sporulation was asglc7-T152K mutant should arrest at the same stage of the cell cycle as MEK1-C. Previous studies have shown sayed in the resulting strains. In the MEK1-C control strain, 0% of cells sporulate (Table 1) . In contrast, 46% that glc7-T152K strains fail to sporulate (Tu et al., 1996) . Cells from the glc7-T152K mutant, like MEK1-C, arrest of cells sporulate in a wild-type strain overproducing function depends on Mek1 kinase activity (Bailis and Roeder, 1998), raising the possibility that Mek1-dependent phosphorylation of Red1 leads to checkpointmediated arrest. Consistent with this hypothesis, Red1 remains phosphorylated in the zip1 mutant, which arrests at pachytene because of the checkpoint ( Figure  4A ). To test whether Glc7-dependent dephosphorylation can inactivate the pachytene checkpoint, a multicopy plasmid carrying the GLC7 gene was introduced into several mutants that undergo checkpoint-mediated arrest at pachytene. Overproduction of Glc7 improves sporulation in the zip1, dmc1, and hop2 mutants ( arrest to a zip1 rad17 double mutant (Table 2) . Pachytene arrest is not restored by overexpression of wildtype MEK1 (Table 2 ). These results suggest that activaboth Mek1-C and Glc7 (Table 1) Figures 5A and 5B) .
As an alternative approach, a spo11 mutation was tested for its ability to alleviate arrest in either the MEK1-C mutant or the glc7-T152K mutant. In both mutants, Red1 is phosphorylated at the arrest point, though presumably for different reasons. In MEK1-C, Red1 remains phosphorylated, whereas in glc7-T152K, Red1 cannot be dephosphorylated. MEK1-C is not bypassed by spo11, suggesting that a signal for arrest is still present. However, a spo11 glc7-T152K double mutant (JM548) sporulates to 53%, which is similar to the sporulation of a wild-type strain (BR2495; 56%). In this case, since Red1 never becomes phosphorylated, there is no need to dephosphorylate Red1. These results suggest that phosphorylation of Mek1 and Red1 occurs in response to meiotic double-strand breaks or a later recombination intermediate.
Discussion

Glc7 Activity Promotes Pachytene Exit
Current evidence strongly suggests that Glc7 functions at the pachytene/diplotene transition of meiosis to promote desynapsis and pachytene exit. Certain glc7 mutants fail to sporulate (Tu et al., 1996; Ramaswamy et al., MEK1-C. Checkpoint-mediated pachytene arrest depends on Both Mek1 and Glc7 appear to function at the pachyMek1 kinase activity. Either a mek1 null mutant or a tene/diplotene transition of meiosis; however, it is not mek1 point mutant defective in kinase activity promote known which of these proteins is regulated at the transisporulation of zip1 (Xu et al., 1997; Bailis and Roeder, tion. In principle, pachytene exit could result either from 1998). Conversely, the presumed constitutive kinase aca decrease in Mek1 activity or an increase in Glc7 activtivity encoded by the MEK1-C mutant causes cells to ity. Glc7 activity might be controlled by altering its localarrest at late pachytene. These observations suggest ization to meiotic chromosomes, perhaps by modifying that Mek1 functions at the pachytene/diplotene transiits interaction with Gip1. Alternatively, Glc7 activity tion of meiosis and that Mek1 kinase activity must be might be inhibited by the pachytene checkpoint. Mek1 counterbalanced in order for cells to progress out of activity might be downregulated at the end of pachytene if the completion of recombination leads to the dissociation from chromosomes of proteins required for Mek1 activation (such as Rad24). The observation that exit from pachytene requires dephosphorylation of Mek1 and Red1 contrasts with the situation in rat spermatocytes. In this system, addition of a phosphatase inhibitor induces pachytene exit. Furthermore, the SC-associated proteins Syn1 and Cor1 become phosphorylated in vitro when incubated with pachytene cell extracts (Tarsounas et al., 1999) . These observations suggest that phosphorylation of meiotic chromosomal proteins, rather than dephosphorylation, promotes pachytene exit (Tarsounas et al., 1999) . Thus, exit from pachytene may be regulated by different mechanisms in different organisms. Alternatively, pachytene exit might require dephosphorylation of certain proteins but phosphorylation of other proteins.
Red1 as a Target of Mek1 and Glc7
Red1 is a Mek1-dependent phosphoprotein (Bailis and Roeder, 1998; de los Santos and Hollingsworth, 1999). Several observations support the interpretation that Red1 is a target of Glc7-dependent dephosphorylation at the pachytene/diplotene transition of meiosis. Glc7 and Red1 interact in the two-hybrid protein system (Tu et al., 1996) , implying a direct interaction between these proteins. Glc7 coimmunoprecipitates with Red1 and de- In principle, one or more other proteins could be the target of Glc7-dependent dephosphorylation. Mek1 fails to localize to chromosomes in the red1 mutant (Bailis and Roeder, 1998); thus, if a protein other than Red1 is normally phosphorylated by Mek1, this protein might fail to be phosphorylated in the red1 mutant. Mek1 itself might be a target of Glc7-dependent dephosphorylation. However, it is difficult to reconcile this interpretation with the observation that Glc7 overproduction bypasses 
Gip1, a meiosis-specific protein that interacts with
Another difference between the DNA damage checkGlc7 (Tu et al., 1996) , is a potential substrate of Mek1 point and the pachytene checkpoint is the requirement and Glc7. However, the observation that overproduction for Swe1 (Leu and Roeder, 1999). It remains to be deterof Glc7 alleviates the gip1 arrest suggests that Gip1 is mined how Red1 phosphorylation leads to Swe1 accunot a target of Glc7 at the pachytene/diplotene transimulation and phosphorylation. One possibility is that tion. If so, then deletion of GIP1 should promote sporulaMec3 and Ddc1 activate Mec1 to phosphorylate Swe1, tion. Gip1 may serve as a regulatory subunit of Glc7 that which stabilizes Swe1. Mec1 has multiple substrates in promotes its localization to meiotic chromosomes in late the DNA damage checkpoint pathway (Weinert, 1998). pachytene.
Checkpoint proteins were originally proposed to function only when the genome suffers damage or problems in cell cycle progression are encountered (Hartwell and Differences between the Pachytene Checkpoint Weinert, 1989). However, more detailed analysis has and the DNA Damage Checkpoint revealed that mutations in some checkpoint genes can The DNA damage checkpoint requires two groups of also result in defects in cell growth and viability (reproteins: Rad9, and the Rad24 group, comprised of viewed by Weinert, 1998 ., 1987) . JM375, homowas then inserted into pRS306 (Sikorski and Hieter, 1989) to generzygous for zip1::LYS2 rad17::LEU2, was constructed by crosses ate pJ130. pJTL18T152K contains the glc7-T152K mutation within between rad17::LEU2 and zip1::LYS2 haploids (provided by S. Agarthe GLC7 sequence (Tu et al., 1996) . pJTL18T152K was amplified wal, Yale University). Wild-type or mec1-1 SK-1 haploids were mated by PCR and used to construct a plasmid, designated pJ149, that and then transformed with YEp352, pB133, or pJ139. is identical to pJ110 except for the glc7-T152K mutation. The HindIIIBamHI fragment containing glc7-T152K from pJTL18T152K was inImmunoprecipitation and Immunoblotting serted into YIp5 to create pJ147; HindIII was used to target GLC7 Preparation of meiotic cell extracts and immunoprecipitations were plasmids into yeast. The gip1::HIS3 disruption plasmid is pJT26-carried out as described (Bailis and Roeder, 1998). Immunoprecipi-HIS (Tu et al., 1996) . tated proteins were separated by 10% SDS-PAGE for 16 to 20 hr The MEK1-C mutant, which contains mutations that change amino at 20 volts ( Figures 1B, 2C , 4, and 5) or for 3 hr at 100 volts (Figures acids 327 and 331 from threonine to glutamic acid, was constructed 1A, 1C, 1D, 2D, and 3C). For immunoprecipitation and immunoblotthrough PCR mutagenesis as described (Bailis and Roeder, 1998) ting, rabbit anti-Mek1 antibody was used at 1:100 dilution, and rabbit and confirmed through sequencing. The PCR product was cut with anti-Red1 antibody (Smith and Roeder, 1997) was used at 1:200 NsiI and HpaI and substituted into pB124 (Rockmill and Roeder, dilution. Rabbit anti-GFP (Clontech) was used at a 1:100 dilution 1991). The EcoRI-SalI MEK1 fragment containing the mutations for immunoprecipitation, and mouse anti-GFP antibody (Chemicon) was ligated into YEp352, generating pJ139. Plasmids containing was used at a 1:100 dilution for Western blot analysis. MEK1-C are unstable in E. coli; therefore, transformants must be single-colony purified, and plasmid DNA must be verified by restriction digestion before transformation into yeast. pB133 is the wildPhosphatase Assay Meiotic cell extracts were prepared from wild-type strains overprotype EcoRI-SalI MEK1 fragment from pB124 in the EcoRI-SalI sites of YEp352.
ducing either Glc7-GFP or Glc7-T152K-GFP using the method of Sun et al. (1996) . Anti-GFP antibodies (used at 1:100 dilution) were Plasmids DL183, C225, and ML54 contain the rad17::LEU2, rad24::TRP1, and mec3::TRP1 disruptions, respectively (Lydall and used to immunoprecipitate either Glc7-GFP or Glc7-T152K-GFP, and then the protein was eluted using 0.25 M glycine-HCl followed Weinert, 1997). pB219, constructed by Beth Rockmill, contains the
